Inducible immune defence may allow organisms a state-dependent upregulation of costly immunity in order to minimize the risk of anticipated future parasitism. The basic costs of elevated immune activity might involve a reduction in other fitness-related traits as well as an increased risk of immunopathology. In male field crickets Gryllus campestris we experimentally investigated the condition-dependent effects of immune system activation in nymphs on immunity and physiological condition during adulthood. Following a nymphal injection of bacterial lipopolysaccharides, adult males showed significantly elevated levels of two major immune parameters, i.e. haemolymph antibacterial activity and the concentration of prophenoloxidase (proPO). By contrast, the active enzyme, phenoloxidase (PO), did not increase, suggesting a strategic longterm upregulation of the inactive proenzyme proPO only. This may help avoid the cytotoxic effects associated with high standing levels of the active enzyme. The nymphal immune insult further caused a reduction in adult haemolymph protein load, suggesting a long-term decline in overall metabolic condition. Nymphal food availability positively affected adult lysozyme activity, while PO and proPO concentrations were not affected. Our data thus suggest the long-term upregulation of immunity in response to antigenic cues as an adaptive, yet costly, invertebrate strategy to improve resistance to future parasitism.
INTRODUCTION
Variation in immunity is a key issue for understanding the life history (Sheldon & Verhulst 1996; Zuk & Stoehr 2002) , sexual selection process (Hamilton & Zuk 1982; Folstad & Karter 1992; Westneat & Birkhead 1998) and population dynamics (Lochmiller 1996) of animals. In the face of omnipresent selection by parasites and pathogens, the immune system evolved as the major host defence, restraining the detrimental effects of parasitism (Hoffmann et al. 1996; Roitt et al. 1996; Wakelin 1996; Goater & Holmes 1997) . However, in spite of the obvious immediate benefits of protection against disease, maximum immune defence might not always be optimal, because of its associated cost on a life-history scale (Sheldon & Verhulst 1996) .
Life-history theory predicts that optimal immunity requires a plastic, inducible regulation to maximize fitness over a wide range of individual states and parasite pressures. The optimal investment thus depends on the benefits of enhanced parasite resistance and the costs associated with the reduced contribution to fitness of other costly life-history traits (Sheldon & Verhulst 1996) . Such allocation costs of immunity might involve both the expenses for development and maintenance of the immune system and the deployment costs arising when the immune system is actually used to fight an infection (Schmid-Hempel 2003) . Therefore, the immune system requires two levels of regulation: a long-term, life-history decision about the investment to immune defence, and a short-term, direct response in the case of infection. As far as we are aware, no attempts have yet been made to separate such long-and short-term immunological decisions. Insects, which metamorphose from clearly separated larval to adult life-history stages, offer an opportunity to do so.
Although invertebrates have recently been shown to be capable of some form of specific immune memory (Kurtz & Franz 2003) , their primary mode of enhancing future resistance is probably through systemic upregulation of relatively unspecific immune components (Rolff & Siva-Jothy 2003) . Invertebrates show elevated immunity after an infection has been cleared (Iwanaga et al. 1995; Sö derhäll & Cerenius 1998) . Their immune system consists of constitutive and inducible defence mechanisms (Hoffmann et al. 1996; Gillespie et al. 1997; Frost 1999) . Important components are antimicrobial peptides and proteins, such as lysozyme, which are inducible above constitutive levels for many days after bacterial infection (Morishima et al. 1995; da Silva et al. 2000; Adamo 2004 ).
An induced upregulation of antibacterial activity is further associated with an increased resistance to later infection (Faulhaber & Karp 1992; Moret & Siva-Jothy 2003) . Another important pathway is the prophenoloxidase (proPO) cascade, which is activated by a variety of pathogens and involved in the melanization process and encapsulation (Sugumaran & Kanost 1993; Sö derhäll & Cerenius 1998; Sugumaran 1998; da Silva et al. 2000) . The key catalysing enzyme phenoloxidase (PO) is stored mainly in haemocytes as the inactive proenzyme proPO, which is rapidly activated upon infection. The accumulation of proPO instead of PO might reduce the risk of oxidative damage to host tissues by quinones and other reactive oxygen metabolites that are produced by the active enzyme (Sö derhäll & Cerenius 1998; Kumar et al. 2003) . Despite the obvious relevance of a distinction between inactive proPO and active PO, previous studies in the field of ecological immunology assessed only the activity of the active enzyme, PO (Barnes & Siva-Jothy 2000; Wilson et al. 2001; Moret & Siva-Jothy 2003) .
We investigated the condition-dependent effects of immune system activation in nymphs on immunity and physiological condition during adulthood in male field crickets Gryllus campestris. A long time-span of 24 days, on average, separated nymphal challenge from adult immune measurements. To manipulate condition we subjected penultimate instar nymphs to one of two feeding regimes and subsequently induced an immune response with bacterial lipopolysaccharide (LPS) in half of the individuals of each food treatment. LPS is an established immune elicitor that activates the humoral immune response without direct pathogenic effects (da Silva et al. 2000; Imler et al. 2000) and is usually cleared within a few hours (Mathison & Ulevitch 1979) . The immune parameters we studied in adults included the haemolymph concentration of the antibacterial protein lysozyme and of the enzymes PO and proPO. To examine the long-term costs in terms of physiological state we measured the total protein load (i.e. concentration) in the haemolymph of the adult individuals. Adult immune parameters were measured twice, first early (3 days) after adult eclosion, then again later (9 days posteclosion), after an additional adult challenge with LPS 24 h previously. On this later occasion, animals were also implanted with a nylon filament to acquire an additional measure of immunity, the encapsulation response towards foreign material.
MATERIAL AND METHODS (a) Rearing conditions
Field crickets used in the present study were male offspring of mated females that had been caught on an uncut meadow near Hinterkappelen (Switzerland) 
(b) Experimental design
The condition-dependent effects of immune system activation during the nymphal stage on adult immunity and condition were investigated using a two-by-two experimental design with food treatment and immune treatment as the main factors, each with two levels. The assignment of the nymphs to the experimental treatments was at random, controlling for variation in initial body mass across treatment groups (food treatment: p ¼ 0:94; immune treatment: p ¼ 0:87; interaction term: p ¼ 0:41). Nymphs were subjected to one of two different feeding regimes, which started immediately upon individual housing and lasted until adult eclosion. The daily mean food ratio of nymphs in the high-food and the low-food group was, on average, 0.200 and 0.015 g, respectively. The food was refreshed every second or third day. These food ratios reflect an ad libitum and restricted feeding regime, respectively (Scheuber et al. 2003) . One week after the start of the feeding regime we induced an immune response in half of the nymphs of each food treatment group, by injecting 10 ml of a Grace's insect medium-based 0.1% LPS solution. The remaining control nymphs received 10 ml of Grace's insect medium only. The LPS was derived from the Gram-negative bacterium Serratia marcescens (Sigma, L6136). LPS is an established non-pathogenic immune elicitor that induces several pathways of the immune response (Hoffmann et al. 1996; Sö derhäll & Cerenius 1998) . LPS has been shown to activate vertebrate immune functions via binding to toll-like receptor 4 (TLR 4). For arthropods, there are numerous studies using LPS to activate essential all-important parts of the immune system. Not only the two main pathways of the humoral immune response, the Toll and the Imd pathway (Hoffmann 2003) , but also the proPO cascade are highly sensitive to LPS (Sö derhäll & Cerenius 1998). Further immune traits such as phagocytosis and superoxide production are also enhanced in the presence of LPS (Wittwer et al. 1997) . Prior to the injection we physically immobilized the nymphs and cleaned the sternites with 70% EtOH. Injections were applied ventrally between the third and fourth sternites using a 10 ml Hamilton syringe. After injection, males were immediately returned to their home cage. Mortality and moult into adulthood were checked at least every other day. The mean nymphal development period from the start of the experiment until adult eclosion was 23:9^1:1 days, and was not affected by the food treatment and immune treatment. After adult eclosion, food was available ad libitum for all individuals, thus restricting the manipulation of nutritional condition to the nymphal stage only. Body mass was recorded immediately after adult eclosion and again 3 days later. On day 3 we obtained a haemolymph sample to assess adult measures of immunity.
To investigate the effect of juvenile immune insult on adult induced immunity, all males were challenged on day 8 after eclosion with LPS. Measures of immunity and protein load were assessed 24 h later, by taking a haemolymph sample. Following procedures described by Kö nig & Schmid-Hempel (1995) and Ryder & Siva-Jothy (2000) , all males were subsequently implanted with a nylon monofilament between the third and fourth dorsal sternites, for a period of 24 h and transferred to a freezer at À20 C. Nylon monofilaments activate an encapsulation response in insects and are supposed to be non-pathogenic.
Crickets were dissected at a later stage to recover the encapsulated (c) Haemolymph collection
Prior to collection of haemolymph samples, individuals were cooled on ice for ca. 20 min until torpid and then punctured with a sterile injection needle (BD Microlance, 25G 5 / 8 ) under the dorsal pronotum plate. Aliquots of 5 ml of outflowing haemolymph were obtained with a 5 ml microcapillary (Corning Pyrex) and immediately drained into 45 ml of ice-cold Grace's medium. Samples were immediately frozen in liquid nitrogen at À196 C and then stored at À80 C.
(d) Lysozyme assay
To obtain a measure of general antibacterial activity we assessed lysozyme-like activity, with a 'lytic zone assay' modified from Mohrig & Messner (1968) and Wiesner et al. (1998) . Agar plates containing 5 ml of 1% agar L11 (Oxoid) with 5 mg ml À1 freezedried Micrococcus luteus were prepared following Kurtz et al. (2000) . Eight holes with a diameter of 3 mm were punched in the agar layers and 3 ml of thawed haemolymph solution were added to each hole. After incubation of the plates at 30 C for 24 h lytic zones were analysed using a digital imaging system and the public domain NIH Image program. Standard curves were obtained by dilution series of lysozyme from hen egg white (Merck 5282, 100 000 units mg
À1
). Based on the logarithmic relation to lysozme concentration, diameters of lytic zones obtained from the haemolymph samples were converted to lysozyme-like activities, i.e. ng ml À1 equivalents of hen egg white lysozyme. Within-individual repeatability of this measurement was obtained by analysing two samples per individual and was highly significant (r ¼ 0:74, F 102,103 ¼ 6:68, p < 0:01).
(e) PO and proPO assay
To assess PO and proPO activity we followed a modified protocol from Kopáçek et al. (1995) . From each individual, the haemolymph concentrations of active PO and the proenzyme proPO were measured. PO was quantified without further activation, while the proenzyme proPO was assayed after its activation with chymotrypsin to the active PO. For PO measurements, reaction mixtures contained 2 ml of haemolymph and 50 ml of 0.1 M Bis-Tris-HCl buffer, pH 6.5, and 98 ml of distilled water. For proPO measurements, 5 ml of chymotrypsin (5 mg ml À1 in H 2 O) were added to the mixture (containing only 93 ml of distilled water in this case) and incubated for 5 min at room temperature. As a substrate, 50 ml of DL-DOPA (4 mg ml À1 in 0.1M Bis-Tris-HCl buffer, pH 6.5; prepared freshly and protected from light) was added, comprising a final volume of 200 ml. The reaction was allowed to proceed for 60 min and readings were taken every minute at 490 nm on a BIO-TEK PowerWave X Select microplate scanning spectrophotometer (BIO-TEK Instruments, Inc., Winooski, Vermont, USA), using the BIO-TEK KC4 (2000) 
(f) Haemolymph protein load
To obtain a measure of physiological condition we assessed the total protein load of the haemolymph (Ozbay & Riley 2002; Nakamatsu & Tanaka 2003) . The concentration of total protein was determined photometrically in 5 ml of diluted haemolymph, using the test solution Roti Nanoquant (K 880.1, Carl Roth GmbH & Co., Karlsruhe, Germany), following the protocol of the manufacturer. Measurements of OD 590 /OD 450 were taken in 96-well plates on a BIO-TEK PowerWave X Select microplate scanning spectrophotometer (BIO-TEK Instruments, Inc., Winooski, Vermont, USA), using the BIO-TEK KC4 (2000) software. Standard curves were obtained from serial dilutions of bovine serum albumin (SIGMA, Taufkirchen, A 3912) and included on each 96-well plate. By analysing two samples for each individual we found a significant repeatability for this measurement (r ¼ 0:64, F 87, 88 ¼ 4:48, p < 0:01).
(g) Data analysis
Data analyses were performed with the STATA 8.0 statistical package (StataCorp LP, USA). To describe the variation in immune parameters we used multivariate general linear models with the immune parameters as variates, and the food and the immune treatments with their mutual interaction as predictor variables. Body condition and protein load were analysed univariate. Time until adult eclosion was further included as a covariate to control for developmental variation in adult immune parameters and protein load. The effect of the adult immune insult was analysed in a repeated-measures ANOVA with immune parameters and protein load on day 3 and day 9 as repeats. Juvenile immune status and adult immunity A. Jacot and others 65
3. RESULTS (a) Adult immune parameters Adult antibacterial activity was significantly affected by the immune treatment. In addition, there was a significant effect of nymphal nutrition, which was independent of nymphal immunity. Adult antibacterial activity was higher in LPS males than in control males; given the effect of the nymphal immune treatment, nymphal food restriction reduced lysozyme-like activity (figure 1). Lysozyme-like activity was not explained by variation in nymphal development time (F 1,101 ¼ 0:06, p ¼ 0:81). The haemolymph concentration of proPO was higher in immune-treated individuals, whereas the variation was independent of the food treatment (figure 2a), and independent of nymphal development time (F 1,101 ¼ 0:49, p ¼ 0:48). PO activity showed no significant relationship with the food or immune treatments (figure 2b). Nymphal development time (F 1,100 ¼ 1:49, p ¼ 0:22) did not affect PO activity.
Experimental treatments did not affect adult body condition (food treatment: F 1,98 ¼ 1:69, p ¼ 0:20; immune treatment: F 1,98 ¼ 3:34, p ¼ 0:07; interaction term: F 1,96 ¼ 2:93, p ¼ 0:09). Total haemolymph protein load was significantly affected by the immune treatment, while there was no additional effect of the nymphal food treatment or nymphal development time (F 1,100 ¼ 1:55, p ¼ 0:22). Control males had a higher haemolymph protein load than LPS males (figure 3).
(b) Induced adult immunity
Measures of induced adult immunity on day 9 were stronger than measures of immunity on day 3 post-eclosion (repeated measures ANOVA; PO: F 1,92 ¼ 33:75, p < 0:01; proPO: F 1,95 ¼ 74:47, p < 0:01; lysozyme-like activity: F 1,95 ¼ 26:86, p < 0:01; table 1). While lysozyme-and proPO activity increased by ca. 22-23%, POactivity increased by 60%. Neither the absolute value, nor the increase in lysozyme activity and in PO or proPO activity was related to nymphal immune or food treatment (table 1) . Furthermore, the level of proPO activity on day 3 was a predictor for the level of PO activity on day 9 (F 1,93 ¼ 16:44, p < 0:01). Encapsulation of the nylon implant was independent of the food treatment (F 1,86 ¼ 0:33, p ¼ 0:57) and immune treatment (F 1,86 ¼ 1:55, p ¼ 0:22; for interaction term:
Males in the different experimental groups did not differ in body condition on day 9 (food treatment: 
DISCUSSION
This study revealed that adult male field crickets show significantly elevated levels of two key parameters of immunity, i.e. antibacterial activity and the haemolymph concentration of the enzyme proPO, in response to an antigenic challenge several weeks earlier during the juvenile stage. Interestingly, under ad libitum food conditions, the inactive precursor enzyme proPO was elevated upon juvenile immune challenge, while the level of the active enzyme PO was not above the values found in the corresponding controls.
Conceivably, the animals may thereby avoid the immunopathological costs of the enzymes' activity. PO can produce highly toxic intermediates, such as quinones, peroxides and free oxygen radicals, which can cause apoptosis at the site of release (Sö derhäll & Cerenius 1998) . This process has been suggested as a functional part of the immune response in cases of parasitic infection (Sö derhäll & Cerenius 1998), but can also lead to oxidative stress and immunopathological effects (Sö derhäll & Cerenius 1998; Sugumaran et al. 2000) that may eventually reduce lifespan (Sohal 1988) . By contrast, the precursor proPO can be safely stored in high quantities and rapidly activated upon infection (Sö derhäll & Cerenius 1998) . The strong upregulation of lysozyme in the haemolymph after a juvenile immune challenge may have a function as a safeguard against future reinfection or to control latent infections (Stanley-Samuelson et al. 1991; Yu & Kanost 2003) . Antimicrobial peptides are relatively slowly synthesized and activate a non-oxidative antimicrobial pathway without cytotoxic effects on non-target cells (Hoffmann 1995) . LPS-challenged animals may thereby enhance future parasite resistance without risk of oxidative damage to selftissues. However this long-term upregulation of general immunity depletes resources and comes with a metabolic cost, seen as a reduced adult haemolymph protein load in immune-challenged individuals. Protein load of the haemolymph has been used as an adequate indicator of physiological metabolic condition (Ozbay & Riley 2002; Nakamatsu & Tanaka 2003) and disease resistance (Adamo 2004) in invertebrates. Nymphal nutritional condition positively affected lysozyme activity, while there was no effect on the proPO cascade. This discrepancy in the conditional effects on immune parameters suggests that nutritional constraints and/or limitations during juvenile development act more strongly on antimicrobial peptide production than on proPO-related immunity. As previously mentioned, bacterial infections are often latent, i.e. cannot be fully cleared by the host. Here, a lasting upregulation of specific antimicrobial peptides may give optimal long-term protection. While there are a few studies demonstrating the short-term nutritional effects on immunity (Feder et al. 1997; SivaJothy & Thompson 2002; Rantala et al. 2003) , to our knowledge this is the first study demonstrating the lasting effects of juvenile food availability on adult immunity.
The immediate effect of an adult immune stimulation markedly differed from the long-term effect of the juvenile treatment. Here, all individuals increased proPO, PO and lysozyme activity, irrespective of the experimental treatment in the juvenile phase. In addition, encapsulation rate of an implanted monofilament was independent of juvenile food availability and juvenile immune status. The absence of any difference between the treatment groups might indicate that all individuals now show a maximal response to immune stimulation in order to resist an ongoing infection. The fitness benefits of an induced immune system upregulation are not necessarily linked only to the magnitude of the immune response but also to the short-and long-term costs of the host response. In addition, the adaptive benefits of enhanced immunity might only be detectable under real parasitism with its complex host-parasite interactions, whereas a challenge with a non-pathogenic antigen will mainly give information about the short-term host response.
In conclusion, our study revealed that juvenile field crickets respond to an antigenic challenge with a long-term upregulation of constitutive immune function that extends into adulthood. Such induced responses presumably reflect the main invertebrate strategy to deal with variation in future parasitism. Immunopathological costs can be reduced via storage of inactive precursors. However, the upregulation of immunity comes with a lasting reduction in metabolic state that may eventually restrain host fitness (Jacot et al. 2004) . Consequently, this underlying trade-off plays a key role in the evolution of adaptive invertebrate immunity.
